Abstract: Malaria is one of the most widespread diseases, particularly in Asia and Africa. Correct diagnosis of malaria is necessary for its proper treatment. A compact automated tool for malaria identification will greatly benefit healthcare professionals in these regions. We propose a method that has the potential to automatically detect malaria-infected red blood cells (RBCs). This method combines the simplicity and robustness of lateral shearing interferometry with the flexibility of statistical methods to achieve the classification of diseased RBCs. Shearing interferograms generated using a glass plate in a common path setup were Fourier analyzed to retrieve the gradient phase and amplitude information of the cell. Then, multiple features based on the complex amplitude information of the cells are measured automatically and used to differentiate healthy and malaria-infected cells. Multivariate statistical inference algorithm of the experimental data shows that there is a difference between the populations of healthy and malaria-infected RBCs by using the measured RBC features.
Introduction
Malaria is widespread in Africa and Asia and is potentially fatal, which makes correct diagnosis crucial for proper treatment. Microscopic analysis of cells is an important process in the diagnosis of malaria [1] - [3] . However, it currently requires the use of chemical reagents, special equipment and qualified personnel, restricting its use in under developed and remote zones. In developing countries, microscopic inspection of blood smears by a qualified technician is still the gold standard in malaria diagnosis. Visual identification of malarial red blood cells (RBCs) may be unreliable if there is a lack of sufficiently trained technicians plus poor quality microscopes and reagents used for staining the blood smears. Non-invasive techniques based on interferometry [4] - [16] , such as digital holographic microscopy [4] - [11] and optical coherence microscopy [12] , [13] , provide complex field distributions and have proven to be a good option in the label free study of microorganisms for their identification and comparison.
In this paper, we propose the use of lateral shearing interferometry [17] , [18] and statistical inference for RBC identification. Shearing interferometry is a technique mainly used in optical testing to measure aberrations in optical elements. Here, the object wavefront is split into two, and one beam is slightly displaced. This displacement can be lateral, radial or rotational. The original wavefront is retrieved using a set of differential equations or Zernike polynomials [19] . In the present technique, a shearing interferogram is generated with a spherical wavefront that illuminates the object and is then reflected by a glass plate onto an imaging sensor, making it a single path system. Fourier analysis of the interferograms yields the gradient phase and amplitude information of the cell. This information will be used for the RBC classification process.
We use sample statistics to estimate the RBC population parameters. The statistical sampling method allow us to make decisions about the two RBC populations (healthy and malaria infected RBCs) on the basis of sample information. The statistical sampling methods were already found to yield good results in the analysis and classification of cells where the cell data description is complex and variable [20] , [21] . In our previous work, we used a Mach-Zehnder digital holographic microscope to record the digital hologram of the red blood cells [22] . Correlation algorithms were used on the shape information of the cells to distinguish between healthy and diseased red blood cells. Correlation algorithms while simple in implementation were not very effective in classifying the diseased red blood cells. Also, the Mach-Zehnder digital holographic microscope is more complex than the lateral shearing interferometry digital holographic microscope presented in this paper. In the proposed technique, we first extract features from healthy and malaria infected RBCs measured at single cell level using lateral shearing interferometry, and then apply Hotelling's T-square statistics [23] , [24] to the sample units to infer whether the malaria infected RBCs are significantly different from healthy RBCs. The Hotelling's T-square tests in our experiments show that the measured features have the potential to differentiate between populations of healthy and malaria infected RBCs. It should be noted here that our main interest lies not in the retrieval of the object wavefront, but in the recovery of sufficient information for classification of the cells. Therefore, it can be possible to decide on the basis of sample data whether the proposed procedure is really effective in identifying the malaria infected RBCs.
Experimental Details and Results
A schematic of the experimental setup is shown in Fig. 1 . A HeNe laser ( ¼ 611:8 nm, 2mW, random-linearly polarized) is used as the source. Alternatively, a cheap diode laser can also be used. The beam passes through a condenser lens (which was a 20X microscopic objective lens with NA ¼ 0:4) and then through the object. A microscope objective (oil immersion, 100Â; NA ¼ 1:25) magnifies the object wavefront. Sample was kept at the working distance of the microscopic objective. Then, the beam is split using a thin glass slide of 0.1 mm thickness (which acts as the shearing element) kept at 45 to the axis of the magnifying lens, which results in the wavefronts being laterally sheared at the detector plane (see Fig. 1 ). The shearing plate was kept a distance of 90 mm from the collar of the objective lens. The interferograms were recorded by a CCD (8-bit dynamic range, 1024 Â 1024 pixels, 4.65 m pixel pitch) placed at the image plane (160 mm from collar of the objective lens) of the magnifying lens. If the curvature of the spherical wavefront is low (almost plane) and the thickness of the shearing plate is small, we can assume that the wavefronts reflected from both faces of the glass plate have almost the same curvature, resulting in a linear fringe system. Healthy red blood cells were obtained after centrifugation of blood samples taken from individuals with no known diseases or illnesses. Blood samples were also collected from individuals detected with severe malaria. These samples were also centrifuged to separate malariainfected RBCs. Thin blood smears of both sample were formed on glass slides. Shearing interference patterns of both healthy and malaria infected RBCs were then recorded ( Fig. 2(a) and (d) respectively). These interference patterns were then Fourier analyzed to obtain the gradient phase and intensity information about the object wavefront.
If the object transmittance function is defined as a o ðx ; y Þexp½i' o ðx ; y Þ and we assume that the illuminating beam is a spherical wave, the recorded interferogram can be written as:
where k ¼ 2= and z is the curvature radius of the wavefront at the CCD plane. We then apply the Fourier Transform (FT) to Eq. (1). The spectrum of the first two terms is the zero order. The spectrum of the last two terms appears separated from the center by AE4x Áx =z, due to the linear phase term with opposite sign. We filter one of these spectrums and apply the inverse FT. The retrieved field includes the phase difference between the original and sheared wavefront, the linear phase and a constant phase factor that depends on Áx 2 . The last two phase terms are eliminated either by using an approximation or by subtracting the phase retrieved from a reference interferogram recorded without an object. The resultant phase contains only the phase difference between the sheared wavefronts, i.e. the gradient phase. This field is used in the RBC classification process. It is also possible to use a plane wave as the illumination wave but then it is necessary to introduce a tilt in one of the wavefronts using a wedge plate instead of the parallel shearing plate [18] .
The healthy RBCs have a smooth disc structure with a collapsed center and no nucleus. On the contrary, the cell structure of those infected by malaria parasites were found to deviate from the disc like structure depending on the severity of infection. When the malaria parasite infects a RBC, it enters the cell to hide itself from the body's defenses and begins to reproduce itself inside of the RBC until the cell is damaged. The phase of the illuminating beam is modified by the internal structure of the cell under investigation. If the cell is healthy, its phase will have a smooth shape. But if the cell is infected, the phase will have abrupt changes corresponding to the presence of the malaria parasites. We have used these disparities between healthy and diseased RBCs to classify the cells. The classifier compares the information of each cell against the information of a prototype of a healthy cell. If the information is sufficiently different, the cell is classified as a diseased cell.
In Fig. 2 , the shearing interferograms and the gradient phase and amplitude images for healthy and malaria infected RBCs are shown. In order to investigate the difference of statistical parameters between the two RBC populations (healthy and malaria infected ones), six features are extracted from the selected area of each cell image obtained via digital shearing interferometry and then used for statistical hypothesis testing. The six properties are defined as: (1) average value of the gradient phase image; (2) average value of the gradient amplitude image; (3) average value of the amplitude image obtained by applying the Fourier transform to the gradient phase image; (4) D1-value i.e., the maximal value minus minimal value in the amplitude image obtained by applying the Fourier transform to the gradient phase image; (5) average value of the amplitude image obtained by applying the Fourier transform to the gradient amplitude image; (6) D2-value i.e., maximal value minus minimal value in the amplitude image obtained by applying the Fourier transform to the gradient amplitude image. The six features are expressed as variables from X 1 to X 6 . The last four features are the analysis of the gradient phase and amplitude images in the frequency domain.
For statistically evaluating the difference of the two RBC populations in healthy (c1: class 1) and malaria infected (c2: class 2) cells, we assume that two random samples of sizes n c1 and n c2 are drawn from the corresponding six-variate normal populations ðN c1 ð c1 ; S c1 Þ or N c2 ð c2 ; S c2 ÞÞ and have the same covariance. To test the hypothesis H 0 that the random samples come from the same population (i.e., c1 ¼ c2 , as well as S c1 ¼ S c2 ), we use the following variable T 2 [24] :
Eq. (2) satisfies the Hotelling's T-squared distribution as T 2 p;n c1 þn c2 À2 when H 0 : N c1 ð c1 ; S c1 Þ ¼ N c2 ð c2 ; S c2 ) is true, where n c1 and n c2 are the number of observations in class 1 and class 2, respectively. " y c1 and " y c2 are represented as follows [23] :
where y 1i and y 2i are random samples from the two specific populations while each sample has six features. The S pl in Eq. (2) is the common population covariance matrix which is expressed as:
where S
À1
pl is the inverse of S pl . Statistical hypothesis testing [T 2 -test] was performed in order to analyze the equality between the population of healthy and malaria infected RBCs with the defined six variables, where both of the two random samples of sizes n c1 and n c2 were 5. The statistical p-value was calculated to be 0.00926 by employing F distribution in [23] after transforming the T 2 -statistics into an F-statistics using the following equation [23] :
where p is the number of variables ð¼ number of featuresÞ and n 1 þ n 2 À p À 1 is the first degreeof-freedom parameter for the F-statistics. The statistical p-value approximately reveals the probability that the observed test statistic in Eq. (2) would happen in the same population. Consequently, the obtained p-value (0.00926) in this experiment illustrates that the distinction between the two RBC populations are significant since we can reject the null hypothesis, ½H 0 : N c1 ð c1 ; S c1 Þ ¼ N c2 ð c2 ; S c2 Þ, at the 0.01 level of significance. In Fig. 3 , the scattering plots for selected pairs of variables, which visually reveal the division of the healthy and malaria infected RBCs, are shown. Moreover, in order to show that each feature would significantly increase the separation of the two sampling units (healthy and malaria infected RBCs), the test for additional information [24] is conducted. Here, the null hypothesis for this test is that a single variable is redundant for separating the two groups, that is, the extra variable do not contribute anything significant beyond information already available in the other variables for separating the groups. The test statistic for the significance of adding a single variable/feature x to the p variables/features denoted as vector y can be described as following equation [24] [For example, the test statistic for the significance of adding a variable X 1 ðx ¼ X 1 Þ to the other five ðp ¼ 5Þ variables y ¼ ðX 2 ; X 3 ; X 4 ; X 5 ; X 6 Þ is expressed as: It is noted that all of the six null hypothesis should be rejected and conclusion can be made that each variable makes a significant contribution to the separation of the two groups (healthy and malaria infected RBCs) at the 0.05 level of significance. Also, experimental results reveal that the first five features almost contribute the same importance to discriminate the malaria infected RBCs from others and provide more information than that of the last feature.
Conclusion
In this paper, we have presented a simple approach to identify malaria infected RBCs via lateral shearing interferometry and statistical sampling. The shearing interferograms were generated by using a glass plate in a single path setup. Fourier analysis of the interferogram was conducted to obtain the gradient complex amplitude information of the cell. For the purpose of recognition of malaria infected cells, six features were extracted from complex information obtained from each healthy and malaria infected cells. Then, statistical inference was performed to see if the multivariate random samples with six features come from the same population. It should be noted that the shear amount affects only the density of the fringes. But since the two images (from the front and back surface of the parallel plate) should overlap to form the shear interference pattern, the thickness of the plate was kept to a value which achieves this. Discrimination of the cells is obtained from the reconstructed gradient phase and intensity information, which was achieved using Fourier fringe analysis. So the discrimination probability does not depend upon the shear amount. We have experimentally demonstrated that the complex amplitude data captured by shearing interferometry has the potential to be used to classify healthy and malaria infected RBCs using statistical inference. The experimental setup being simple and compact makes it possible to construct a cheap, field portable version of the technique using laser diodes and CMOS sensors.
